In plants, extensive efforts have been devoted to understanding the crosstalk between salicylic acid (SA) and jasmonic acid (JA) signaling in pathogen defenses, but this crosstalk has scarcely been addressed during senescence. In this study, the effect of SA application on methyl jasmonate (MeJA)-induced leaf senescence was assessed. We found that low concentrations of SA (1-50 μM) played a delayed role against the senescence promoted by MeJA. Furthermore, low concentrations of SA enhanced plant antioxidant defenses and restricted reactive oxygen species (ROS) accumulation in MeJA-treated leaves. When applied simultaneously with MeJA, low concentrations of SA triggered a nitric oxide (NO) burst, and the elevated NO levels were linked to the nitric oxide associated 1 (NOA1)-dependent pathway via nitric oxide synthase (NOS) activity. The ability of SA to up-regulate plant antioxidant defenses, reduce ROS accumulation, and suppress leaf senescence was lost in NO-deficient Atnoa1 plants. In a converse manner, exogenous addition of NO donors increased the plant antioxidant capacity and lowered the ROS levels in MeJA-treated leaves. Taken together, the results indicate that SA at low concentrations counteracts MeJA-induced leaf senescence through NOA1-dependent NO signaling and strengthening of the antioxidant defense.
Introduction
Leaf senescence is a genetically programmed process that occurs at the end of development. During senescence, leaf cells undergo a succession of orderly changes in cellular physiology, biochemistry, and gene expression (Lim et al., 2007) . The most visible characteristics of senescence are leaf yellowing, which is a consequence of chlorophyll degradation, and photosynthetic activity reductions. Furthermore, certain senescence-associated genes (SAGs) show increased expression during senescence, such as SAG12 Lim et al., 2003) .
Leaf senescence is generally controlled by the plant's developmental age and regulated by exogenous factors, including temperature and drought, and endogenous factors, including phytohormones (Lim et al., 2007) . Phytohormone effects on leaf senescence have been known for a long time (Quirino et al., 2000) . The exogenous application of jasmonic acid (JA) induces precocious leaf senescence and the expression of certain SAGs (He et al., 2002) . However, coronatine insensitive 1 (coi1), a JA-insensitive mutant, fails to display the precocious senescence phenotype in the presence of JA (He et al., 2002) , which suggests that an intact JA signaling pathway is required for JA-promoted leaf senescence. Salicylic acid (SA) is also a vital regulator of leaf senescence (Morris et al., 2000; BuchananWollaston et al., 2005; van der Graaff et al., 2006) , increased endogenous SA levels have been observed in senescent leaves, and the expression of a number of SAGs is regulated by SA (Morris et al., 2000; Buchanan-Wollaston et al., 2005) . In addition, Miao and Zentgraf (2007) reported that the expression of WRKY53, a senescence-specific transcription factor, is antagonistically regulated by JA and SA in Arabidopsis (Arabidopsis thaliana), suggesting an interaction between the two phytohormone signals during senescence. More recently, genomics and genetic research have provided further evidence for the involvement of multiple phytohormone pathways in regulating senescence (Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006) . However, the molecular mechanisms for coordination among these signals are still far from clear.
In plants, antagonistic interactions between SA-and JA-dependent signaling pathways have been broadly documented (Cui et al., 2005; Glazebrook, 2005; Spoel et al., 2007) . For example, Pseudomonas syringae produces coronatine, a JA-mimicking phytotoxin that is believed to suppress the SA-dependent defenses through which the bacterium confers its virulence (Zheng et al., 2012) . Conversely, mutant and transgenic plants with impaired SA signaling show increased JA levels and enhanced JA-responsive gene expression after pathogen infection (Spoel et al., 2003) . Furthermore, genetic studies of the molecular basis of SA-JA crosstalk have characterized certain key molecular players, including MPK4, NPR1, and WRKY70 (Petersen et al., 2000; Spoel et al., 2003; Li et al., 2004) . Recently, the distinguished work of Van der Does et al. (2013) indicated that the inhibition of JA-induced defenses by SA may occur through a reduction in the accumulation of ORA59, thereby providing an important insight into the molecular mechanisms underlying this phenomenon. In addition to antagonistic effects, synergistic interactions between SA and JA signaling have been reported (Clarke et al., 2009) .
Nitric oxide (NO) is emerging as a critical signaling molecule involved in multiple biological processes in plants, such as germination, root development, cell death and defense against biotic and abiotic stresses (Besson-Bard et al., 2008; Ahlfors et al., 2009; Fernández-Marcos et al., 2011; Mandal et al., 2012; Ye et al., 2013; Albertos et al., 2015; Sanz et al., 2015) . In plants, reactions catalysed by nitrate reductase (NR) and nitric oxide synthase (NOS) are the main proposed pathways for NO biosynthesis (Gupta et al., 2011) . NOS-like activity in plants has been widely detected, although the NOS enzymes and genes have not yet been identified (Corpas et al., 2009) . The Arabidopsis AtNOS1 gene, which encodes a protein homologous to a hypothetical snail NOS and has impaired NOS activity, was initially considered to be a plant NOS (Guo et al., 2003) . However, further studies showed that AtNOS1 is a plastid GTPase rather than a plant NOS (Moreau et al., 2008) , which led to its renaming as NO-associated protein 1 (AtNOA1) (Moreau et al., 2008) . Nevertheless, the Atnoa1 mutant is still thought to be a useful tool for studying the physiological function of NO in plants because it shows impaired NOS activity and reduced endogenous NO levels in vivo (Guo et al., 2003; Zeidler et al., 2004; Zhao et al., 2007; Li et al., 2009) .
NO is intimately linked with reactive oxygen species (ROS) signaling systems in plants (Guo and Crawford, 2005; de Pinto et al., 2006; Zhao et al., 2007) . Under ultraviolet-B radiation, NO effectively protects plants against oxidative stress by up-regulating antioxidant enzymes (Shi et al., 2005) . Furthermore, our previous work showed that NO is able to suppress cellular ROS production in lipopolysaccharide-induced resistance responses (Sun et al., 2012) . In these cases, NO displays a protective antioxidant activity. NO has been described as functioning as a prooxidant as well. For example, abolishing NO generation results in reduced H 2 O 2 levels during bacterial infection (Zeier et al., 2004) , indicating that NO plays a role in increasing ROS levels.
In plants, ROS are cytotoxic chemicals that can be effectively scavenged by many antioxidant enzymes, such as catalase (CAT), ascorbate peroxidase (APX) and superoxide dismutase (SOD) (Asada, 2006) . Excessive ROS and a lower antioxidant capacity are present in senescent leaves (Pastori and Del Rio, 1997; Orendi et al., 2001) . Moreover, CAT2 expression and CAT2 activity are down-regulated during bolting times, which appears to correlate with H 2 O 2 accumulation and the subsequent onset of leaf senescence (Zimmermann et al., 2006) .
In this study, the effect of SA application on MeJA-induced leaf senescence was investigated. Our results indicated that leaf senescence induced by MeJA was further accelerated by high SA concentrations (>100 μM) but attenuated by low SA concentrations (1-50 μM). Subsequently, experiments were performed to decipher the nature of the low SA concentration-induced alleviation of MeJA-promoted leaf senescence. The data demonstrated that the NO-mediated up-regulation of plant antioxidant defenses might play a vital role in this process.
Materials and methods

Plant materials and chemicals
Seeds of wild-type (WT, Col-0), Atnoa1 (Sun et al., 2012) , nia1nia2 (Sun et al., 2012) and cue1 (SALK_116454, from ABRC at Ohio State University) plants were grown in soil culture in a growth chamber (model E7⁄2; Conviron, Winnipeg, Manitoba, Canada) at 22 °C with 16 h light photoperiod (120 µmol quanta −2 m −1 ) and 82% relative humidity. The third and fourth rosette leaves from 25-d-old plants were harvested by cutting leaves at the approximate middle of the petioles with a sharp scalpel to minimize wounding effects.
Methyl jasmonate (MeJA), salicylic acid (SA), sodium nitroprus-
, and sodium tungstate were obtained from Sigma-Aldrich (Shanghai, China). 3-Amino, 4-aminomethyl-2′,7′-difluorescein diacetate (DAF-FM DA), 2-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), and dichlorofluorescein diacetate (H 2 DCFDA), were purchased from Molecular Probes (Eugene, OR, USA).
Hormone treatments
The third and fourth rosette leaves from 25-d-old plants were harvested by cutting leaves at the approximate middle of the petioles with a sharp scalpel to minimize wounding effects. The detached leaves were then rinsed briefly three times with sterile water and incubated in 3 mM MES buffer (pH 5.8), with 1, 10, 50, 100, or 250 μM SA, or 50 μM MeJA, or a combination of both in continuous light. MeJA was added from a 1000-fold stock solution in 96% ethanol. Solutions without MeJA were supplemented with equal amounts of ethanol.
Chlorophyll content and photochemical efficiency measurements Chlorophyll was extracted from equal volumes of leaf discs by immersion in 1 mL of N,N-dimethylformamide for 48 h in the dark at 4 °C. The concentration per fresh weight of leaf tissue was calculated according to the protocol described by Porra et al. (1989) . The ratio of maximum variable fluorescence to maximum fluorescence yield (F v /F m ), was used to represent photochemical efficiency of photosystem II (Oh et al., 1997) , and determined using a PAM fluorometer (Wal, Effeltrich, Germany) as described by Yue et al. (2012) .
Lipid peroxidation measurements
The extent of lipid peroxidation in leaves was estimated by measuring malondialdehyde (MDA) formation as described by Guo and Crawford (2005) . Briefly, frozen leaf samples (0.2 g) were homogenized in a prechilled mortar with 1 ml of 0.25% (w/v) thiobarbituric acid in 10% (w/v) trichloroacetic acid. After incubation at 90 °C for 20 min, the extracts were cooled at room temperature and centrifuged at 12 000 g for 15 min. The supernatant absorbance was read at 532 nm and values corresponding to non-specific absorption at 600 nm were subtracted. The concentration of MDA was calculated using an extinction coefficient of 155 mM
NO content analysis NO measurements were performed using a NO-sensitive dye, DAF-FM DA (He et al., 2004) . Briefly, the samples were collected at the indicated time and incubated in 20 mM HEPES-NaOH (pH 7.5) buffer containing 10 μM DAF DA for 1 h in the dark. The samples were then rinsed three times with HEPES-NaOH (pH 7.5) buffer. For NO imaging, the DAF signal was visualized using a confocal laser scanning microscope (LSM510/ConfoCor2, Carl-Zeiss, Jena, Germany) with an excitation wavelength of 488 nm and a bandpass filter from 500 to 550 nm. To quantify the NO, the DAF fluorescence intensity was detected with an LS 55 luminescence spectrophotometer (LS 55, PerkinElmer, UK). The excitation was set to 485 nm and the fluorescence intensity was set to 515 nm to determine the relative NO production. NO quantification was also performed using a previously described hemoglobin method (Orozco-Cárdenas and Ryan, 2002; Shi et al., 2012) . Briefly, ~300 mg of leaf tissue was homogenized in 1 ml of cooled buffer (0.1 M sodium acetate, 1 M NaCl, and 1% (w/v) ascorbic acid, pH 6.0). The homogenate was centrifuged at 10 000 g for 20 min at 4 °C, and the supernatant was then collected for the NO analysis. The NO levels were measured spectrophotometrically following the conversion of oxyhemoglobin to methemoglobin at 401 nm and 421 nm (Murphy and Noack, 1994) .
H 2 O 2 measurement
Samples were collected at the indicated time, rinsed with ddH 2 O, and incubated in 10 μM H 2 DCFDA (from a 100 mM stock solution in dimethyl sulfoxide) for 1 h in the dark at room temperature. After washing off the excess dye, the DCF fluorescence intensity was measured by fluorescence spectrometry (LS 55, PerkinElmer, UK).
The fluorescence spectrometer was set to an excitation wavelength of 488 nm and an emission wavelength of 525 nm, with a slit width of 5 nm.
Antioxidant enzyme activity assay
Frozen leaf segments (0.5 g) were homogenized in 50 mM potassium phosphate buffer, (pH 7.0) containing 1 mM EDTA and 1% polyvinylpyrrolidone, and 1 mM ascorbate was added for the APX assay. The homogenate was centrifuged at 15 000 g for 20 min at 4 °C, and the supernatant was collected for the antioxidant enzyme assays.
The activity of the antioxidant enzymes CAT, APX and SOD were determined as previously described (Jiang and Zhang, 2001) . CAT activity was determined by monitoring the decrease in absorbance at 240 nm (an extinction coefficient of 39.4 mM -1 cm −1
). APX activity was measured by following the change in absorbance at 290 nm (an extinction coefficient of 2.8 mM
) as ascorbate was oxidized. SOD activity was assayed by monitoring the decrease in absorbance at 560 nm caused by the inhibition of nitro-blue tetrazolium (NBT) reduction. One unit of SOD activity was defined as the amount of enzyme that caused a 50% inhibition of NBT.
Detection of NO synthase activity
Crude enzyme extracts were prepared as described by Shi et al. (2012) . Approximately 0.5 g leaves were ground with nitrogen and resuspended in homogenization buffer (50 mM triethanolamine hydrochloride (pH 7.5) containing 0.5 mM EDTA, 1 μM leupeptin, 1 μM pepstatin, 7 mM GSH, and 0.2 mM PMSF). The homogenate was centrifuged at 15 294 g at 4 °C for 20 min, and the supernatant was collected for the NOS activity analysis. The NOS activity was analysed using a previously described hemoglobin method (Murphy and Noack, 1994; Hevel and Marletta, 1994) . The supernatant protein content was determined using a Bradford assay with bovine serum albumin (BSA) standards.
Quantitative real-time PCR analysis
Total RNA was extracted using TRIzol Reagent (Invitrogen) according to the manufacturer's specifications. First-strand cDNA was synthesized using a SuperScript II First-Strand Synthesis System (Invitrogen). Quantitative real-time PCR (qRT-PCR) was performed on a Light Cycler 2.0 (Roche Applied Science) using SYBR Green Real-time PCR Master Mix (Toyobo, Japan). The relative expression ratios of the target genes were normalized to the expression of ACTIN2 and calculated from 2 (−ΔΔCt) analyses. The primers used for the real-time PCR analysis are shown in Supplementary  Table S1 at JXB online.
Results
Effect of SA application on MeJA-induced leaf senescence
We first examined the effect of different doses of SA on MeJAinduced leaf senescence by assessing the chlorophyll levels and measuring the photosynthetic activity by F v /F m , two typical senescence-associated physiological markers. When SA ≥ 100 μM was added to the MeJA-containing solution for 3 d, senescence was further accelerated compared with the MeJA treatment alone (Fig. 1A, B) . However, lower concentrations of SA (1-50 μM) attenuated the MeJA effect on leaf senescence (Fig. 1A, B ). These observations suggested that SA had different effects on MeJA-promoted leaf senescence depending on the concentrations at which it was applied.
As shown in Fig. 2A , detached leaves incubated with MeJA (50 μM) gradually turned yellow; however, when 10 μM SA was present, the leaf yellowing process could be delayed. Consistent with the visible yellowing, the gradual loss of chlorophyll content and photochemical efficiency in the leaves treated with SA+MeJA was less severe relative to that of the leaves treated with MeJA alone (Fig. 2B, C) . Moreover, the qRT-PCR showed that 10 μM SA decreased the accumulation of SAG12 mRNA in the leaves treated with MeJA ( Fig. 2D) , suggesting that the SA-induced alleviation of senescence could be observed at gene expression levels. In addition, the MeJA-induced senescence was reportedly accompanied by oxidative stress (Hung and Kao, 2004) . We found that 10 μM SA also alleviated the MeJA-promoted ROS accumulation and lipid peroxidation (quantified by monitoring MDA levels) (Fig. 2E, F) . Together, these physiological, biochemical and molecular data support our finding that low concentrations of SA provide protection against senescence caused by MeJA.
Low SA concentrations increase plant antioxidant capacity in MeJA-treated leaves
Antioxidants, particularly antioxidant enzymes, play an important role in scavenging ROS and altering cellular ROS homeostasis. Because low concentrations of SA prevented MeJA-induced H 2 O 2 accumulation (Fig. 2E) , we hypothesized that the lowered H 2 O 2 levels were associated with SA's role in the enhancement of plant antioxidant defenses (Yang et al., 2004; Rivas-San Vicente and Plasencia, 2011) . As shown in Fig. 3A , the CAT activity markedly decreased at 3, 6, 9, and 12 h of treatment with MeJA, although SA supplementation increased the CAT activity to control levels at every analysed time point (Fig. 3A) . Treatment with MeJA did not affect the APX activity in the first 3 h but slowly decreased its activity after 6, 9, and 12 h of treatment. However, in the combined SA and MeJA treatment, the APX activity exhibited a significant increase within 3 h and a slower reduction at up to 12 h compared with the MeJA treatment alone (Fig. 3B) . SOD activity had ceased at 6 h of treatment with MeJA; however, the reduction in SOD activity appeared to be reversed after the application of SA (Fig. 3C ). These observations support our hypothesis that low SA concentrations could increase the plant antioxidant capacity.
NO contributes to the SA-dependent alleviation of senescence
As shown in Fig. 4A , low SA concentrations attenuated the effect of MeJA on leaf yellowing; however, this effect of SA did not occur in the NO-deficient Atnoa1 mutant plants. Furthermore, disruption of the AtNOA1 gene also blocked the effect of SA on the degradation of chlorophyll, decline of PSII efficiency and accumulation of SAG12 transcripts; however, this effect was greatly reversed by the addition of a NO donor, SNP (Fig. 4B-D) . Meanwhile, sodium ferricyanide (Fe(III)CN), which shares many structural features with SNP but lacks a nitroso group and thus the ability to generate NO (Fig. 4B-D) , seemed to have no discernible influence on the ability of SA to delay senescence, confirming that the effect of SNP was attributable to NO released. These results suggested that AtNOA1-dependent NO is required for the attenuation effect of SA on MeJA-induced leaf senescence.
SA interacts with MeJA to potentiate NO bursts in an AtNOA1-dependent manner by NOS activity
In plants, increasing evidence indicates that NO is closely involved in SA and JA signaling (Wang and Wu, 2005; Zottini et al., 2007; Sun et al., 2010) . To assess the role of NO in SA-JA interactions, the NO content was quantified using DAF-FM DA, a NO-specific fluorescent probe. Treatment with either SA (10 μM) or MeJA (50 μM) had no effect on the fluorescence intensity, although when the two chemicals were combined for 3 h, there was an approximately 2.5-fold increase in fluorescence intensity compared with the control group (Fig. 5A ). Previous reports have not provided clear results on the specificity of the widely used DAF-FM dyes for NO determinations (Mur et al., 2011) , and the use of more than one technique to measure NO production has been recommended. Therefore, we assessed the endogenous NO content by a hemoglobin analysis and found similar results (Fig. 5B) . In plants, NOS and nitrate reductase (NR) are the two key enzymes responsible for NO biosynthesis (Gupta et al., 2011) . Treatment with the NOS inhibitors N ω -nitro-L-arginine (L-NNA) and N G -nitro-L-arginine-methyl ester (L-NAME) or the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) efficiently abolished the SA+MeJA potentiated increase in DAF fluorescence, whereas an NR inhibitor (sodium tungstate) did not (Fig. 5C ).
In addition, we also tested the NO level in Atnoa1 mutant that displayed impaired NOS activity (Guo et al., 2003; Zhao et al., 2007;  Fig. 5G ), nia1nia2 mutant that exhibited null NR activity (Sun et al., 2012) , and cue1 mutant with elevated L-Arg levels (Fig. 5D) . Compared with wild-type plants, the leaves of Atnoa1 and nia1nia2 mutant exhibited low base NO levels, while cue1 mutant showed increased NO content under (Fig. 5D ). After treatment with SA+MeJA, the endogenous NO content was much higher than that in control group in leaves of nia1nia2 and cue1 mutant, but not in Atnoa1 mutant leaves (Fig. 5D) . Furthermore, L-NAME (a NOS inhibitor) did not reduce NO production in the Atnoa1 mutant (Fig. 5E, F) . These data indicate that an Argdependent NOS pathway may be responsible for elevated NO production, and AtNOA1 was required for the NO burst by NOS activity.
NO up-regulates plant antioxidant defense
In plants, NO has been suggested to serve as both a signaling molecule in SA signaling (Zottini et al., 2007; Sun et al., 2010) and an important modulator of cellular oxidative stress Guo and Grawford, 2005) . Thus, a low SA concentration may up-regulate plant antioxidant defenses through the action of NO. Our results showed that ROS levels were much higher in the Atnoa1 plants than in the wild-type plants, both with and without the MeJA treatment (Fig. 7A) , which suggested that NO plays a role in reducing the accumulation of ROS. Furthermore, the disruption of NOA1-dependent NO production in the Atnoa1 plants prohibited the ability of low-concentration SA to decrease the content of ROS (Fig. 6A) , increase the activity of antioxidant enzymes (CAT, APX and SOD) (Fig. 6B-D) , and increase the expression of antioxidant enzyme genes (CAT1, CAT2, APX1, CSD1 and MSD1) (Fig. 6E) .
On the other hand, the application of the NO donor SNP markedly blocked the accumulation of ROS (Fig. 7A) , and enhanced the plant antioxidant defenses in MeJA-treated leaves ( Fig. 7B-E) . SNP not only releases NO but also releases cyanide (CN), which has been shown to elicit some of the same responses as NO. Therefore, to show that NO, and not CN, had mediated plant antioxidant defense, we applied Fe(III)CN as controls and found that it did not influence ROS accumulation and plant antioxidant capacity, compared with MeJA applied alone ( Fig. 7A-E) . Moreover, the antioxidant effect of SNP was reversed by treatment with cPTIO, a NO-specific scavenger ( Fig. 7A-E) . In addition, GSNO, another NO donor, was found to function in a similar manner to SNP (Fig. 7A-E) . These results clearly indicated that NO itself can up-regulate plant antioxidant defenses in MeJA-treated leaves.
Discussion
Low concentrations of SA delay MeJA-induced leaf senescence
Leaf senescence is the terminal stage of leaf development, and it is influenced by external environmental factors as well as internal factors, including various phytohormones and growth regulators that act in a precisely coordinated manner. However, our knowledge of the crosstalk between the different hormones that mediate senescence is far from clear. For the first time, we observed that SA had both an inhibitory and a promotive effect on MeJA-induced senescence (Fig. 1A, B) and showed that SA concentrations are a pivotal controlling factor over the action of SA during senescence. This result is consistent with previous reports showing that interaction outcomes between SA and JA signaling are highly concentration dependent (Mur et al., 2006) . Interestingly, we found that low SA concentration itself does not appear to have a discernible Supplementary Fig. S1A, B) , whereas high concentrations of SA accelerated the senescence process ( Supplementary Fig. S1A, B) . NPR1 (NONEXPRESSOR OF PR GENES1) has emerged as an important transducer of the SA signal (Kinkema et al., 2000) . Furthermore, recent studies by our group demonstrated that SA (100 µM)-induced conformational changes of NPR1 from oligomer to monomer and nuclear localization of NPR1 were required for SA-induced leaf senescence (Chai et al., 2014) . However, upon treatment with low concentration of SA (5 µM), NPR1 seemed to be localized in the cytosol (Mao et al., 2007) . Thus, it is highly likely that different effects of SA on senescence are the result of different actions of NPR1 protein. In addition, low SA doses (1-50 μM) could also slow down the progression of dark-induced leaf senescence ( Supplementary Fig. S2A, B) , which suggests an alleviatory effect of SA that works in multiple senescence types. Thus, coordination with the actions of other factors, such as MeJA or dark treatment, may be important for the SA-induced inhibition of senescence.
ROS produced by various metabolic pathways are considered to play a central role in promoting senescence in animals and plants (Finkel and Holbrook, 2000; Navabpour et al., 2003; Guo and Crawford, 2005) . ROS accumulations were greater after MeJA treatment (Hung and Kao, 2004 ; Fig. 1E ), and the inhibition of ROS formation via ascorbic acid (AsA) and catalase effectively repressed the MeJA-promoted senescence ( Supplementary Fig. S3A, B) . These data suggest that senescence is mediated by ROS-dependent signaling. Similar to ascorbic acid and catalase, low SA concentrations restricted the accumulation of ROS in the MeJA-treated leaves (Fig. 2E) . In previous studies, several underlying mechanisms were proposed to explain the potential role of SA in reducing ROS. For example, pre-treatment with SA prevents paraquat-induced ROS production in barley (Hordeum vulgare) leaves via increasing the antioxidant capacity (Ananieva et al., 2004) . Furthermore, SA is reported to regulate alternative oxidases that limit ROS production in mitochondria (Moore et al., 2002) . In this study, we observed that low SA concentrations enhanced the activity of ROS-scavenging enzymes (CAT, APX and SOD) in the MeJA-treated leaves (Fig. 3A-C) . Therefore, it is likely that the manipulation of plant antioxidant responses is an important strategy by which SA exerts its protective effects.
NO is required for the protective effect of low SA concentrations on senescence
NO as a signaling molecule can be induced by multiple phytohormones, such as cytokinin (Tun et al., 2008) , auxin NO content in detached leaves was determined by a hemoglobin assay at the indicated times. Asterisks indicate a significant difference between the combined treatment and the MeJA-only treatment at the same time point (Student's t-test, *P<0.05, **P<0.01). Data represent the mean±SD of three independent experiments. (C) Detached leaves were incubated in MES buffer (pH 7.8) with control solution, 50 μM MeJA, 10 μM SA, 10 μM SA+50 μM MeJA, or 50 μM MeJA, 10 μM SA+50 μM MeJA in the present of the NOS inhibitors L-NNA (300 μM) and L-NAME (300 μM), the NR inhibitor sodium tungstate (300 μM) or the NO scavenger cPTIO (100 μM) for 3 h in continuous light. NO content in the treated leaves was quantified by fluorescence spectrometry. Data are the mean±SE of at least three independent experiments Different letters indicate statistically significant differences between the treatments (Duncan's multiple range test, P<0.05).
(D) NO levels in the wild-type, Atnoa1, nia1nia2 and cue1 plants were measured by fluorescence spectrometry following treatment with 10 μM SA and 50 μM MeJA either alone or in combination for 3 h. Data are the mean±SE of at least three independent experiments. Different letters indicate statistically significant differences between the treatments (Duncan's multiple range test, P<0.05). NO levels in the wild-type and Atnoa1 plants were visualized by confocal scanning microscopy (E) and quantified by fluorescence spectrometry (F) following treatment with 10 μM SA and 50 μM MeJA either alone or in combination for 3 h. Bars: 200 μm. (G) NOS activity in the wild-type and Atnoa1 mutant plants was determined following treatment with 50 μM MeJA or 50 μM MeJA+10 μM SA for 3 h. Data are the mean±SE of at least three independent experiments. Different letters indicate statistically significant differences between treatments (Duncan's multiple range test, P<0.05).
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http://jxb.oxfordjournals.org/ Downloaded from (Kolbert et al., 2008; Sanz et al., 2014) and SA (Zottini et al., 2007; Sun et al., 2010) , and it usually interacts with these hormones to regulate diverse physiological process (Sanz et al., 2015) . In this study, we studied the NO production in response to 50 μM MeJA, 10 μM SA and their combination in an attempt to intergate NO into the SA-JA interactions. Results showed that NO production was increased after the combined treatment of SA+MeJA, whereas NO synthesis was not affected by SA or MeJA alone under our condition (Fig. 5A, B) , indicating that both hormones were required to potentiate NO production. However, Zottini et al. (2007) reported that SA treatment alone could activate NO synthesis in a dose-dependent manner. The discrepancy in results may have been caused by the low concentration of the hormone applied here, which was insufficient to activate NO synthesis; in addition, the effect of SA on NO synthesis may vary depending on the plant material. In plants, NOS-and NR-catalysed reactions are the two main pathways responsible for NO synthesis (Gupta et al., 2011) . Although the gene encoding plant NOS has not yet been identified, many studies have revealed evidence for the existence of NOS activity in tissues of different plant species (Corpas et al., 2009; Gas et al., 2009; Gupta et al., 2011) , and it is responsible for NO synthesis in innate immunity (Zeidler et al., 2004) , cadmium-induced programmed cell death (De Michele et al., 2009) and salt stress (Zhao et al., 2007) . Our pharmacological experiments with NOS and NR inhibitors, and genetic approach with Atnoa1, nia1nia2, and cue1 mutant suggested that elevated NO was caused by a NOS-dependent pathway (Fig. 5C, D) , and this finding was supported by the measurements of NOS activity (Fig. 5G ).
An Arabidopsis Atnoa1 (previously named Atnos1) mutant, impaired in NOS activity and NO accumulation, has been characterized (Guo et al., 2003) , and is used for studying the physiological functions of NO in hormonal signaling (Guo et al., 2003) , leaf senescence (Guo and Crawford, 2005) , abiotic stress (Zhao et al., 2007; Xuan et al., 2010) and root development (Sanz et al., 2014) , although the AtNOA1 is not a true plant NOS (Moreau et al., 2008) . Our results confirmed previous observations that the Atnoa1 mutants have low NOS activity and reduced NO content (Fig. 5D-G) . Moreover, the SA+MeJA potentiation of NO production was compromised in the Atnoa1 mutants. Furthermore, L-NAME, a NOS inhibitor, did not reduce NO production in the Atnoa1 mutants (Fig. 5E, F) , indicating that AtNOA1 is involved in the NO production by NOS activity. It is notable that AtNOA1 is not a plant NOS (Moreau et al., 2008) and that the participation of AtNOA1 in NO synthesis may be an indirect effect (Van Ree et al., 2011) . In addition to its role in NO synthesis, AtNOA1 seems to play an alternative role, and this hypothesis is supported by the finding that posttranscriptional accumulation of methylerythritol phosphate pathway enzymes in Atnoa1 mutants cannot be restored by exogenous application of NO (Flores-Pérez et al., 2008) . Additional analyses are still required to elucidate the role AtNOA1 in NO synthesis. In plants, NO has been recognized as a crucial player in a wide array of SA-mediated physiological processes, including systemically acquired resistance (Song and Goodman, 2001) , root development (Zhao et al., 2015) , and stomatal movement (Sun et al., 2010) . Moreover, it was shown that acetylsalicylic acid, an SA derivative that can be rapidly converted to SA in vivo, delayed endothelial cell senescence though the action of NO (Bode-Böger et al., 2005) . We are interested in testing whether NO plays a role in the SA-mediated retardation of senescence under our study conditions. Our results showed that the reduced MeJA-induced senescence under low-concentrations of SA was nullified in NO-deficient Atnoa1 mutants (Fig. 4A-D) ; however, this effect was reversed by the exogenous addition of NO, but not by Fe(III)CN. These data support our hypothesis that the alleviatory effect of SA on senescence was caused by the action of NO. In addition, we found that Atnoa1 plants showed pale green leaves, and displayed reduced chlorophyll levels when compared with the wild-type plants (Fig. 4A-C) , consistent with previous report that the Atnoa1 mutant leaves showed severe yellowing and cell death (Guo and Crawford, 2005) . It has been known that AtNOA1 is a plastid GTPase and required for chloroplast biogenesis (Moreau et al., 2008) , and the phenotypes of Atnoa1 may be due to defective chloroplasts and photosynthesis in Atnoa1 mutants (Flores-Pérez et al., 2008) .
An important question remains: what are the mechanisms by which elevated NO produces a delay in leaf senescence? ROS play a central role in promoting senescence (Guo and Crawford, 2005) ; therefore, the elimination of accumulations of ROS is believed to be an important strategy by which plant senescence is delayed. Sanz et al. (2014) reported that the depletion of NO in Atnoa1 mutants reduces the elongation of primary roots and elevates ROS levels, and these results support an antioxidant role of NO in plant development. Moreover, the antioxidant effects of NO have been reported to modulate antioxidant enzyme activity and restrict ROS accumulation in response to adverse stress (Shi et al., 2005) . Furthermore, certain enzyme genes in the ROS scavenging system are regulated by NO (Grün et al., 2006) , suggesting that the effect of NO on antioxidant activities might occur following enhanced gene expression. Our data showed that the Atnoa1 mutant prohibited low SA concentrations from reducing the content of ROS (Fig. 6A ) and enhancing the expression and activity of antioxidant enzymes ( Fig. 6B-E) . Furthermore, the exogenous NO donors SNP and GSNO lowered H 2 O 2 levels ( Fig. 7A ) and stimulated the plant antioxidant response in the MeJA-treated leaves, but Fe(III)CN did not. Moreover, the effect of SNP was inhibited by adding the NO scavenger cPTIO ( Fig. 7B-E ). Therefore, it is possible that NO itself induces the reduction of ROS production by increasing the plant antioxidant response. NO is a bioactive free radical that can react with ROS directly, and its antioxidant properties may contribute to further reducing accumulations of ROS . Many other factors contribute to the senescence process, and certain factors are possible NO targets. For example, Liu and Guo (2013) reported that NO plays a role in preserving the chlorophyll levels and maintaining the stability of thylakoid membranes during leaf senescence. In plants, S-nitrosylation is an important method by which NO exerts its physiological functions (Leitner et al., 2009) . Interestingly, NPR1, a crucial node of SA-JA interaction, is also a target protein that is regulated by S-nitrosylation (Tada et al., 2008) . So, we don't exclude the possibility that NO-dependent S-nitrosylation modulates the effect of SA on MeJA-induced senescence. More in-depth investigations are still required. In this work, our results show that low SA concentrations were able to protect against MeJA-promoted senescence. Furthermore, this effect appeared to be caused by an increase in the plant's antioxidant capacity and a decrease in the accumulation of ROS, which was mediated through AtNOA1-dependent NO production. These results provide a more detailed understanding of the crosstalk among the SA-, JA-and NO-mediated signaling pathways in the senescence regulatory network.
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